a high likelihood of progressing to Alzheimer's disease. Auditory sensory cortical responses (P50, N100) have been shown to be increased in amplitude in MCI compared to older controls. We tested whether (1) cortical potentials to other sensory modalities (somatosensory and visual) were also affected in MCI and (2) cholinesterase inhibitors (ChEIs), one of the therapies used in this disorder, modulated sensory cortical potentials in MCI. Somatosensory cortical potentials to median nerve stimulation and visual cortical potentials to reversing checkerboard stimulation were recorded from 15 older controls and 15 amnestic MCI subjects (single domain). Results were analyzed as a function of diagnosis (Control, MCI) and ChEIs treatment (Treated MCI, Untreated MCI). Somatosensory and visual potentials did not differ significantly in amplitude in MCI subjects compared to controls.
Introduction
Mild cognitive impairment (MCI) describes older individuals having cognitive impairments without accompanying functional impairments that characterize dementia (Petersen et al., 1999) . Recent studies have suggested criteria for distinguishing among four subtypes of MCI based on the presence of both episodic memory impairment (amnestic or non-amnestic MCI) and other cognitive impairments (single-or multipledomain MCI) (Petersen, 2004) . For example, amnestic singledomain MCI refers to patients with involvement of only memory deficit whereas amnestic multiple-domain MCI refers to patients with impairment of both memory and other cognitive domains such as language or executive function. MCI subjects have a high risk of converting to Alzheimer's disease Petersen et al., 1999) and show neuropathological features of β-amyloid plaques and neurofibrillary tangles similar to early Alzheimer's disease (Kordower et al., 2001; Mufson et al., 1999) . These findings suggest that MCI can be a precursor of Alzheimer's disease. Cholinergic processes in neocortical areas are affected in Alzheimer's disease (Geula and Mesulam, 1989; Heckers et al., 1992) and are particularly apparent late in the course of Alzheimer's disease when cognitive and behavioral functions are severely impaired (Davis et al., 1999) . Cholinesterase inhibitors (ChEIs) that serve to increase the availability of acetylcholine have been used successfully to treat patients with MCI (Petersen et al., 2005) and early stages of Alzheimer's disease (Doody et al., 2001; Rogers et al., 1998; Winblad et al., 2001) . These results suggest that there are functional changes of the cholinergic systems projecting to neocortical regions in early stages of dementia that may anticipate the later development of behavioral deficits affecting language and motor functions (Goldman et al., 1999; Pettersson et al., 2005) .
Electrophysiological studies have shown that cortical sensory potentials to auditory stimuli occurring at a peak latency of ∼ 50 ms (P50) increase in amplitude in normal aging and have further increases in both MCI (Golob et al., 2002 ) and Alzheimer's disease (Golob and Starr, 2000) . The increase of auditory P50 amplitudes in MCI occurs over a range of stimulus presentation rates and task conditions (e.g., active or passive listening) (Golob et al., 2002; Irimajiri et al., 2005) .
A 5-year longitudinal study (Golob et al., in press) has shown that the extent of P50 amplitude increase could be related to both the type of amnestic MCI (larger in multiple-domain MCI than in single-domain MCI) and clinical outcomes (larger in MCI who converted to dementia than MCI who remained stable). The increased amplitude of cortical responses in MCI was related to the impairment of language functions that was present in multiple domain but not in single domain. The degree of memory impairment in the two subtypes did not differ. These and other results (Bell-McGinty et al., 2005) suggest that primary and secondary auditory cortices in the temporal lobe that generate the P50 component (LiegeoisChauvel et al., 1994; Reite et al., 1988) become involved as MCI progresses from isolated memory deficits (singledomain MCI) to additional cognitive dysfunctions involving language functions (multiple-domain MCI).
In this report, we have extended the study of sensory cortical activity in amnestic single-domain MCI to somatosensory (median nerve) and visual (reversing checkerboard) stimuli to define if an increase in responsiveness extended to other sensory regions. We hypothesized that there would be increases in somatosensory but not in visual sensory potentials beyond those accompanying normal aging (Desmedt and Cheron, 1980) based on the demonstration of altered motor functions in both MCI and Alzheimer's disease ( Kluger et al., 1997; Goldman et al., 1999; Dick et al., 2003; Pettersson et al., 2005) whereas visual disorders are typically not expressed until late in the course of Alzheimer's disease. We also examined whether somatosensory and visual cortical activities in MCI were affected by ChEIs, one of the therapies used for MCI and Alzheimer's disease.
Results

Neuropsychological data
We tested 15 older controls and 15 MCI subjects (Treated MCI = 8, Untreated MCI = 7). Table 1 shows demographic information for all subjects, and Table 2 summarizes neuropsychological test results as a function of diagnosis (Control, MCI) and ChEIs treatment (Treated MCI, Untreated MCI). MCI subjects scored significantly lower than controls on all episodic memory tests (all p < .01). Relative to controls, MCI subjects had significantly lower scores on the MMSE, the Boston Naming Test, and the Trailmaking Test A and B (all p < .04) but were within 1.5 SD of the means of age-matched controls. The Geriatric Depression Scale was significantly higher for MCI relative to controls (p < .005) but still fell within normal ranges. No other significant group differences were found. Analysis of neuropsychological data as a function of ChEIs treatment in MCI did not reveal significant differences between treated and untreated MCIs (see Table 2 ).
2.2.
Somatosensory-evoked potentials 15.6 ± 2.9 16.6 ± 2.1 16.6 ± 1.8 16.6 ± 2.5
ChEIs treatment (n = 8) Donepezil Rivastigmine Galantamine 5 mg (n = 1) 4.5 mg (n = 1) 12 mg (n = 1) 10 mg (n = 4) 12 mg (n = 1) 
As a function of diagnosis (Control, MCI)
Amplitude and latency differences between MCI and the control group did not attain significant levels for any of the measured components (N20, P30, N40, and P50). ISIs affected both MCI and controls with larger amplitudes at the ISI of 1500 ms for N20 (− 2.1 μV) and P50 (4.6 μV) than at the ISI of 500 ms (−1.8 μV for N20, 3.5 μV for P50). ISI effects for peak latencies in both subject groups were prolonged at the ISI of 500 ms for N40 (37.0 ms) and P50 (50.1 ms) compared to the ISI of 1500 ms (36.0 ms for N40, 48.6 ms for P50).
As a function of ChEIs treatment (Treated MCI, Untreated MCI)
When the MCI group was separated into treated and untreated groups, significant N20 and P50 amplitude effects were indicated. Untreated MCI had N20 (− 3.2 μV) and P50 (5.0 μV) amplitudes that were larger than the treated MCI (−1.3 μV for N20, 2.8 μV for P50). ISIs affected both treated MCI and untreated MCI with larger amplitude at the ISI of 1500 ms for N20 (− 2.5 μV), P30 (2.8 μV), and P50 (4.3 μV) than at the ISI of 500 ms (−2.0 μV for N20, 2.2 μV for P30, 3.4 μV for P50). The ISI effects further separated the subject groups for P30 and P50 amplitudes. Post-hoc testing indicated that untreated MCI had P30 and P50 amplitudes that were larger at 1500 ms ISI (4.0 μV for P30, 5.8 μV for P50) than at 500 ms ISI (2.7 μV for P30, 4.0 μV for P50) whereas treated MCI had P30 and P50 amplitudes that were not affected by ISI. There were no significant effects for group, ISI, or group × ISI as a function of diagnosis or ChEIs treatment for the amplitudes and latencies of visual components (N70, P100, and P150).
Visual-evoked potentials as a function of diagnosis and ChEIs treatment
2.4.
Somatosensory-evoked potentials of individual MCI subjects tested while on and off ChEIs Somatosensory potentials were measured from three MCI individuals as a function of ChEI treatment (see Fig. 3 for test 12.9 ± 3.4 9.9 ± 2.3 <.01 9.6 ± 1.8 10.4 ± 3.0 ns Geriatric Depression Rating Scale 0.7 ± 0.9 3.6 ± 3. visits). One of the MCI subjects (Subject 1) was studied after discontinuing ChEI use for 2 weeks and then retested after 2 weeks of ChEI treatment. Two MCI subjects (Subjects 2, 3) were untreated at the time of the initial evoked potential tests and were retested after taking ChEI for at least 10 weeks. One of these MCI subjects (Subject 2) was studied on six separate occasions, one time before starting treatment, three times while taking ChEIs, and two times after discontinuing the medications. Fig. 4 shows somatosensory potentials and mean values of N20 amplitude in these three MCI individuals tested while on and off ChEIs for the ISI of 1500 ms. The amplitudes of the N20 response in all three MCI subjects for both ISIs of 1500 ms and 500 ms were reduced approximately 50% when treated with ChEIs compared to the untreated state. No consistent change in the amplitudes or latencies of other somatosensory potentials (P30, N40, P50) were found as a function of treatment in the MCI individuals.
Discussion
The results of the present study showed that somatosensory cortical response (N20) was significantly increased in amplitude in untreated MCIs compared to treated MCIs as well as in three individual MCI subjects who were tested before, during, and after treatment with ChEIs. The differences of somatosensory amplitudes between untreated and treated MCIs were not due to cognitive differences (see Table 2 ), but rather to ChEI therapy.
Somatosensory potentials in mild cognitive impairment and cholinesterase inhibitors
The N20 component reflects the initial response of area 3b in somatosensory cortex (Allison, 1982) , and increases in amplitude in older subjects compared to young subjects (Desmedt and Cheron, 1981) . Our results suggest that additional increases of N20 amplitude in untreated MCI can accompany early cognitive decline affecting memory functions. It is unlikely that the N20 amplitude changes found in both older control subjects (Desmedt and Cheron, 1981) and our untreated MCI subjects were due to peripheral nerve disorders that are common in aging. If anything, peripheral nerve disorders are associated with decreased N20 amplitude (Desmedt and Cheron, 1980) . In the present study, peripheral nerve responses at Erb's point in both MCI (treated, untreated) and older controls were of low amplitude and difficult to identify reflecting a poor signal-to-noise ratio in the averaging process. Although there is a possibility of peripheral deficits in MCI, we consider that the increased amplitude of cortical somatosensory N20 response identified in the untreated MCI reflects changes in cortical responsiveness to somatosensory afferent input rather than to altered peripheral nerve functions.
Animal studies show that acetylcholine can modulate somatosensory neuronal responses to afferent stimulation (Metherate et al., 1988) . The nucleus basalis is a source of cholinergic input to the somatosensory cortex, and is also affected by plaques and tangles both in Alzheimer's disease and MCI (Mesulam et al., 2004) . The results from the present study showed that ChEIs treatment had a significant effect in MCI in normalizing somatosensory N20 amplitudes. Cholinergic manipulations (i.e., scopolamine, rivastigmine) in healthy young subjects do not affect N20 amplitudes (Huttunen et al., 2001; Restuccia et al., 2003) .
The differences of N20 amplitudes in MCIs (Untreated MCI > Treated) were present for both ISIs (1500 ms and 500 ms) suggesting that neural mechanisms underlying ChEI-induced amplitude changes were not affected by rate. In contrast, the late components, P30 and P50, showed amplitude changes with ISI for untreated MCI (1500 ms ISI > 50 ms ISI) but not for treated MCI (1500 ms = 500 ms ISI) suggesting that ChEI treatment was selective in normalizing cortical processes with relatively long recovery functions. The ability of ChEIs to "normalize" somatosensory cortex in MCI may be related to increasing the availability of acetylcholine that modulates glutamate-induced cortical sensory excitability (Metherate, 2004) . The enhanced responses of somatosensory cortex are present early in the course of MCI (single domain) whereas the auditory cortical response is not affected until MCI becomes multiple domain and is independent of stimulus rate. Moreover, treatment with ChEI is without effect on the enhancement of auditory cortical activity (Irimajiri et al., 2005) .
The changes of somatosensory cortical functions found in the early stage of MCI may contribute to the alterations of sensory or motor functions in both MCI (Dick et al., 2003; Kluger et al., 1997) and dementia (Goldman et al., 1999; Pettersson et al., 2005) . Compared to healthy older controls, both amnestic MCI and Alzheimer's disease show disturbances on tasks that assess fine (e.g., peg board placement) and complex (e.g., rapid alternating hand movements) motor movements (Kluger et al., 1997) . Similarly, prolonged and less accurate arm movements are reported in amnestic MCI subjects (Yan and Dick, 2006) . These motor changes may be, . Subject 1 was tested after discontinuing ChEI for 2 weeks and retested after 4 weeks of ChEI treatment. Subject 2 was studied on six separate occasions: one time before starting treatment, three times after taking ChEIs, and two times after discontinuing the medications. Subject 3 was untreated at the time of the initial test and then retested after taking ChEI.
in part, a consequence of altered functions of sensory cortex affecting motor responses. Thus, Di Lazzaro and colleagues (2004, 2005) found reduced short-latency afferent inhibition of motor cortical excitability in Alzheimer's disease patients which was restored by ChEI (i.e., rivastigmine) (Di Lazzaro et al., 2004; Di Lazzaro et al., 2005) .
Visual potentials in amnestic mild cognitive impairment and cholinesterase inhibitors
Visual pattern reversal potentials (N70, P100, N150) did not change as a function of diagnosis or treatment. Several studies of pattern reversal potentials (N70, P100) show prolonged latencies with aging (Celesia and Daly, 1977; Wright et al., 1985) but further increment in Alzheimer's disease patients does not occur (Philpot et al., 1990; Wright et al., 1986) . Human studies have shown that the P100 component from the primary visual cortex (Ducati et al., 1988) was not affected by cholinergic manipulations (e.g., scopolamine) (Bajalan et al., 1986; Sloan et al., 1992) .
Clinical implication
In the present study of amnestic single-domain MCI, we found abnormally increased somatosensory cortical activity (i.e., N20). This result complements earlier reports of enhanced auditory sensory cortical P50 activity occurring in MCI (Golob et al., 2002) . Specifically, both auditory and somatosensory but not visual sensory cortical activity appear to be enhanced in amplitude in subjects with MCI who are at high risk for developing dementia (Petersen et al., 1999) . The enhancement of the somatosensory but not the auditory cortical activity in MCI is sensitive to modulation by ChEIs (Irimajiri et al., 2005) . A longitudinal study of amnestic MCI subjects (Golob et al., in press) show that the amplitude increase of auditory P50 component differs between diagnostic subtypes of MCI, being evident in multiple-domain but not in single-domain MCIs. In the present study enhanced somatosensory N20 was found in early stage of MCI (amnestic single-domain MCI) when auditory cortical enhancement was not detected. Further studies are needed to define if somatosensory cortical changes are expressed differentially in other subtypes of MCI (e.g., multiple domain). We suggest that the measurements of sensory cortical functions may be of clinical value in characterizing subgroups of the disorder known as mild cognitive impairment (MCI).
Summary
Somatosensory cortical activity (N20) to median nerve stimulation is increased in amplitude in untreated amnestic singledomain MCI compared to treated MCI. The results suggest that a disorder of somatosensory cortex is present in an early stage of MCI (single domain) and is sensitive to modulation by cholinergic treatments.
Experimental procedure
Subjects
15 older controls and 15 amnestic single-domain MCI were recruited through the Successful Aging Program, Alzheimer's Fig. 4 -Somatosensory-evoked potentials and N20 amplitude tested while on and off ChEI treatment in three individual MCI subjects for the ISI of 1500 ms. These MCI subjects were not taking ChEIs at the time of the initial evoked potential tests and were subsequently treated with ChEIs, and retested. N20 amplitude was reduced approximately in half when untreated with ChEIs (black/white stripe bars) compared to when treated (black bars). Somatosensory potentials shown in top panels were from the first and second tests. In the lower panels, numbers below the x-axis show subject's test number. The horizontal dashed line indicates the mean amplitude of N20 component for control (−1.9 μV) with arrow representing ±1 SD of the control mean. ChEIs = cholinesterase inhibitors. On ChEIs = treated with cholinesterase inhibitors (donepezil: 10 mg/day). Off ChEIs = untreated with cholinesterase inhibitors.
Disease Research Center at the University of California, Irvine, and a university clinical practice. All subjects signed informed consent forms, and the study was performed in accordance with a protocol approved by the UCI institutional review board. Demographic information on all subjects is summarized in Table 1 . The diagnosis of the subtypes of MCI was based on neurological and neuropsychological examinations, family interviews and brain imaging (Smith et al., 1996) . Amnestic single-domain MCI exhibited moderate to severe deficits in episodic memory, typically > 1.5 SD below the mean of agematched normative scores on episodic memory tests without notable impairments on other neuropsychological tests or activity of daily living. Some of the MCI subjects were taking cholinesterase inhibitors (ChEIs: donepezil, rivastigmine, galantamine) at the time of evoked potential testing from 6 months to 3 years before the recording of brain activity (see Table 1 for ChEIs treatment). In order to examine the effects of ChEIs on sensory cortical responses, MCI subjects were divided into those who were being treated with ChEIs (n = 8) and those who were not being treated with ChEIs (n = 7). The mean intervals between the clinical diagnosis of MCI and evoked potential testing were 840 days (range between 60 and 1400 days) for treated MCI group and 630 days (range between 160 and 1400 days) for untreated MCI group. We also retested three of the MCI subjects when both receiving and not receiving treatment with ChEIs to define individual subject sensory responses as a function of ChEI treatment. All control subjects we tested were untreated with ChEIs.
Neuropsychological testing
The neuropsychological test battery included the Mini-Mental State Examination as a screen for dementia (Folstein et al., 1975) , the WMS-III Logical Memory subtest (Wechsler, 1997) , and the CERAD Word List Learning Task (Morris et al., 1989) to quantify episodic memory function, the 30-item Boston Naming Test (Kaplan et al., 1983) , the CERAD Animal Naming (Morris et al., 1989) , and the Controlled Oral Word Association (FAS Fluency) (Spreen and Benton, 1977) for language functions, the WAIS-III Block Design test (Wechsler, 1981) and the CERAD Constructional Praxis test (Morris et al., 1989) for visual-spatial functions, the Trailmaking test A and B (Reitan, 1958) for attention and executive function. The Geriatric Depression Scale (Yesavage et al., 1983 ) was administered to exclude depression.
Design
Somatosensory and visual potentials were collected at two different ISIs (1500 ms, 500 ms). Amplitudes of cortical sensory potentials are normally attenuated as ISI decreases, a process known as a refractory effect. Refractory effects define the rate of recovery of neurons after activation. We tested whether MCI showed abnormal changes of their recovery functions for amplitude and latency compared to controls and whether ChEIs use influenced recovery functions. For somatosensory testing, a PC-based Neuroscan stimulation system (Stim 1) was used to control timing and triggering. For somatosensory testing, square-wave pulses of 0.1 ms in duration were delivered to the median nerve of the dominant hand (1 control and 1 treated MCI stimulated at the left hand), 2 cm proximal to the crease at the wrist from a battery-operated Tektronix 2420 isolated electrical stimulator. Between 200 and 300 stimuli were delivered at 1500 ms ISI, and between 600 and 800 stimuli were presented at 500 ms ISI. Stimulus intensity was just sufficient to elicit an observable twitch of the thumb that yields maximum amplitudes of the short latency (N20) cortical response (Lesser et al., 1979) .
For visual testing, a reversing checkerboard pattern of white and black squares (2.5 cm × 4 cm) was used. Individual squares (8 × 8) subtended 1.5°of visual angle with pattern luminance of 48.7 Candela (cd)/m 2 for white squares were presented on a computer monitor placed ∼ 100 cm in front of the subject. Monocular stimulation was presented to each eye for two blocks of 1500 ms and 500 ms ISIs. One stimulus block comprised 120 trials. Subjects were instructed to fixate on a green dot at the center of the pattern and to avoid blinking during the test block. Subjects wore corrective glasses if necessary, and the unstimulated eye was covered. One MCI subject (untreated MCI) did not receive visual testing because of impaired acuity secondary to retinal damage. All subjects were instructed to keep their eyes open and remain awake during the studies, and short rest breaks were provided between blocks.
Electrophysiological recordings
Scalp recordings were made from 8-mm diameter Ag/AgCl surface electrodes (In Vivo Metric). Electrode placement was based on the 10/20 system (Jasper, 1958) . For somatosensory potentials, electrodes were placed at Cz′, C3′, and C4′ sites located 2 cm posterior to Cz, C3, and C4 sites, respectively. An electrode placed at Fz served as a reference. Peripheral nerve conduction was recorded from electrodes placed at left and right Erb's points above the clavicle overlying the brachial plexus. For visual-evoked potentials, electrodes were located at Oz′, O1′, and O2′ sites located 5 cm anterior to Oz, O1, and O2 sites, respectively, referenced to Fz. Additional electrodes were placed above and below the left eye to monitor eye movements, and on the forehead to serve as a ground. Scalp impedances between electrodes after preparation measured less than 5 kΩ. A PC-based Neuroscan recording system (Scan) with SynAmps I biological amplifiers was used to collect the electrophysiological (EEG, EOG) data. Amplifier bandpass was set between DC and 500 Hz. Ongoing data was continuously digitized at a rate of 2000 Hz. During data collection, the EEG and EOG were monitored to ensure that subjects kept their eyes open and there was no indication of drowsiness. Off-line corrections were made for ocular artifact with system software (Scan). Continuous EEG records that exceeded 75 μV on electrode sites (e.g., muscle and body movements) were automatically rejected.
Data analysis
The digitized EEG was epoched, averaged, and digitally filtered (Scan) depending on the particular component peaks analyzed.
Somatosensory potentials (N20, P30, N40, P50) were bandpass filtered (1-200 Hz, 12 dB/octave), and amplitudes were computed relative to the average voltage in the 20 ms baseline period before stimulus presentation. The N20 was defined as the maximum negativity between 20 and 28 ms. The P30 was the maximum positivity between 27 and 38 ms. The N40 was the maximum negativity from 32 to 43 ms. The P50 was maximum positivity between 40 and 65 ms. Peak latencies were computed from stimulus onset to peak maximum. Response of peripheral nerve conduction, N9, was not detectable in a number of subjects (5/15 controls, 9/15 MCI subjects) due to poor signal-to-noise ratio, and N9 measures were not included in data analysis. Somatosensory-evoked potentials were recorded over an area on the scalp contralateral to the stimulus at the dominant wrist.
Visual potentials (N70, P100, N150) were bandpass filtered (1-20 Hz, 12 dB/octave) and amplitudes were defined relative to the 100 ms baseline immediately before stimulus presentation. The N70 was defined as the maximum negativity between 50 and 90 ms. The P100 was the maximum positivity between 90 and 120. The N150 was the maximum negativity from 100 to 165 ms. Peak latencies were computed from stimulus onset to peak maximum. Visual-evoked potentials were recorded at Oz′ site.
Statistical analysis
For neuropsychological test scores, independent sample ttests were used to compare controls with MCI and between subsets of MCI (Treated MCI vs. Untreated MCI). Peak amplitude and latency were separately analyzed using analysis of variance (ANOVA) for repeated measures. Measures for somatosensory and visual testing included the factors of diagnosis (Control, MCI), ISI (1500 ms, 500 ms), and ChEIs treatment (Treated MCI, Untreated MCI). P values of < .05 were considered significant for ANOVAs and t-tests. Post-hoc comparisons of the means used Tukey's procedure.
